Testicular teratomas result from anomalies in embryonic germ cell development. In the 129 family of inbred mouse strains, teratomas arise during the same developmental period that male germ cells normally enter G1/G0 mitotic arrest and female germ cells initiate meiosis (the mitotic:meiotic switch). Dysregulation of this switch associates with teratoma susceptibility and involves three germ cell developmental abnormalities seemingly critical for tumor initiation: delayed G1/G0 mitotic arrest, retention of pluripotency, and misexpression of genes normally restricted to embryonic female and adult male germ cells. One misexpressed gene, cyclin D1 (Ccnd1), is a known regulator of cell cycle progression and an oncogene in many tissues. Here, we investigated whether Ccnd1 misexpression in embryonic germ cells is a determinant of teratoma susceptibility in mice. We found that CCND1 localizes to teratomasusceptible germ cells that fail to enter G1/G0 arrest during the mitotic:meiotic switch and is the only Dtype cyclin misexpressed during this critical developmental time frame. We discovered that Ccnd1 deficiency in teratoma-susceptible mice significantly reduced teratoma incidence and suppressed the germ cell proliferation and pluripotency abnormalities associated with tumor initiation. Importantly, Ccnd1 expression was dispensable for somatic cell development and male germ cell specification and maturation in tumor-susceptible mice, implying that the mechanisms by which Ccnd1 deficiency reduced teratoma incidence were germ cell autonomous and specific to tumorigenesis. We conclude that misexpression of Ccnd1 in male germ cells is a key component of a larger pro-proliferative program that disrupts the mitotic:meiotic switch and predisposes 129 inbred mice to testicular teratocarcinogenesis.
Introduction
Germ cells arise during embryogenesis as pluripotent primordial germ cells (PGCs) that differentiate into mature gametes and ultimately the cells and tissues of an adult organism.
1,2 Defects during embryonic male germ cell development can lead to the formation of testicular germ cell tumors (TGCTs), which are classified as teratomas, non-seminomas, or seminomas. [3] [4] [5] [6] The 129 family of inbred mice has proven to be an important model system for studying the embryonic origins and genetic risk factors of human TGCTs. 7, 8 Spontaneous TGCTs occur at a measurable incidence (8%) only in 129 inbred strains and are first evident at embryonic day (E)15.5 as foci of highly proliferative and pluripotent tumor stem cells (embryonal carcinoma cells or EC cells). 9, 10 Mouse EC cells differentiate to form teratomas, disorganized cell masses consisting of embryonic tissue types at various stages of differentiation. 9, 11, 12 Tumor pathogenesis and genetic susceptibility is highly similar between teratomas in 129 mice and human Type I pediatric teratomas and adolescent/adult Type II non-seminomas. 6, [9] [10] [11] [12] In fact, several genes (e.g. Kitl, Dmrt1, and Pten) associated with human TGCT risk in genomewide association studies were first shown to influence teratoma incidence when disrupted in 129 mice. [13] [14] [15] [16] [17] [18] Although these mutations, and several others, have distinct phenotypic effects regardless of genetic background, they are dependent on the 129 genetic background to modify teratoma incidence. 7, 14, 15, [19] [20] [21] [22] [23] [24] Thus, a complex array of unknown genetic variants (i.e. susceptibilty mutations) and downstream transcriptional networks specific to the 129 inbred background are required for teratoma initation in mice.
induce male germ cell (gonocyte) lineage commitment, which is accompanied by G1/G0 mitotic arrest. [34] [35] [36] Gonocytes remain mitotically quiescent until after birth when they form the spermatogonial lineage. 28 Concomitant with sex-specific differentiation and the mitotic:meiotic switch, germ cells of both sexes downregulate the core regulators of pluripotency, Oct4, Sox2, and Nanog, which are critical for the initial specification and maintenance of PGCs. [37] [38] [39] Gonocytes activate the G1-S phase cell cycle checkpoint in a gradual and unsynchronized manner due to a shift in the expression of positive and negative regulators of the G1-S phase transition. Prior to becoming mitotically quiescent, gonocytes express cyclins E1 and E2 (CCNE1/2) and cyclin D3 (CCND3), which form complexes with cyclin dependent kinases 2 (CDK2) and 4 or 6 (CDK4/6), respectively. 40 These cyclin-CDK complexes hyperphosphorylate (inactivate) retinoblastoma protein 1 (pRB1), leading to derepression of E2F transcription factors and activation of genes required for progression into S phase. [40] [41] [42] Cyclin D-CDK4/6 complexes also promote the G1-S transition through the sequestration of cyclin E-CDK2 inhibitors p27 Kip1 (CDKN1B) and p21 Cip1 (CD-KN1A). 42 Starting around E13.5, decreases in expression of CCNE1/2 and CCND3 and increases in expression of p27 Kip1 and cyclin D-CDK4/6 inhibitors p15 INK4B (CDKN2B) and p16
INK4A (CDKN2A) result in hypophosphorylation (activation) of pRB1, suppression of E2F transcriptional activity, and gonocyte transition into G1/G0 arrest. 40 Disruption of the mitotic:meiotic switch in gonocytes appears to be critical for teratoma initiation. Using mouse strains with low versus high teratoma incidence (129 vs. the chromosome substitution strain 129-Chr19 MOLF/Ei ), 43 and resistant to teratoma formation (FVB), we previously found that teratoma-susceptible gonocytes continued to proliferate and retain pluripotency during the mitotic:meiotic switch. 44 Studies of several genetic modifiers of teratoma incidence in 129 mice have similarly found that gonocyte proliferation and pluripotency after E13.5 directly correlate with tumor susceptibility. 14, 15, 19, 20, 45 Importantly, the number of aberrantly proliferating and pluripotent gonocytes at E15.5 increased with tumor incidence. Because EC cells first appear at E15.5, 10, 11 retention of proliferative and pluripotent capacity through this time point is most likely necessary to establish a proliferative and pluripotent tumor stem cell population.
Curiously, from E13.5 to E15.5, teratoma-susceptible gonocytes also misexpress genes normally restricted to pre-meiotic oogonia and post-natal spermatogonia. 20, 44 As observed with proliferation and pluripotency, expression of these genes through E15.5 increases with tumor risk, indicating that they also contribute to the transformation of gonocytes into EC cells. Which of these aberrantly expressed genes contribute to teratoma risk remains largely unknown. To date, only misexpression of Stra8 has been shown to affect teratoma incidence. 44 However, the influence of one additional misexpressed gene, cyclin D1 (Ccnd1), on G1-S cell cycle progression suggests that it may also be a driver of testicular teratocarcinogenesis.
In the male germ cell lineage, CCND1 is normally expressed in post-natal and adult spermatogonia but not embryonic germ cells. 40, 46 However, in teratoma-susceptible mice, gonocytes aberrantly express CCND1 from E13.5 to E15.5, with the number of gonocytes expressing CCND1 at E15.5 increasing with teratoma incidence. 44 Importantly, CCND1 expression continues after gonocyte transformation into EC cells. 44 D-type cyclins are potent oncogenes, whose overexpression overwhelms negative regulators of the G1-S transition, promotes growth factor independent proliferation, and induces tumorigenesis. 42 Specifically, CCND1 is located within one of the most frequently amplified loci in the human cancer genome and its overexpression in the absence of any genomic alterations is also a common occurrence in many cancers. 42, [47] [48] [49] Studies in genetic mouse models have shown that Ccnd1 is essential for both tumor formation and maintenance in several tissues. For example, in female mice bearing Erb2-driven mammary adenocarcinomas, Ccnd1 deficiency suppresses tumor cell proliferation and induces senescence, which together inhibit tumor initiation and growth. 50 Importantly, tumor cells appear to be uniquely dependent on the expression of individual D-type cyclins for their proliferation. Mice deficient for individual D-type cyclins are viable, fertile, and present with relatively minor phenotypes, demonstrating that these proteins are non-essential and likely have redundant functions in most normal cell lineages. 51, 52 In the present study, we examine the contributions of Ccnd1 misexpression in mouse gonocytes to teratoma susceptibility and the developmental abnormalities associated with tumor initiation. We demonstrate that Ccnd1 is aberrantly expressed in teratoma-susceptible gonocytes that fail to enter G1/G0 arrest during the mitotic:meiotic switch and that Ccnd1 is the only Dtype cyclin misexpressed from E13.5 to E15.5. Using Ccnd1 knockout mice, we show that Ccnd1 expression significantly contributes to tumor incidence in teratoma susceptible mice without being necessary for normal germ cell or testis development. Importantly, we demonstrate that Ccnd1 deficiency suppresses both the aberrant proliferation and retention of pluripotency phenotypes associated with gonocyte transformation into pluripotent EC cells. Based on these findings, we propose that misexpression of Ccnd1 in gonocytes during the mitotic:meiotic switch is a key component of a 129 inbred background-dependent, proproliferative program that drives the developmental abnormalities necessary for gonocyte transformation into EC cells.
Results

Dysregulation of the G1-S phase checkpoint in gonocytes increases with teratoma risk
We previously reported that teratoma-susceptible gonocytes delay entry into G0 arrest during the mitotic:meiotic switch (E13.5 to E15.5) and that teratoma risk increased with the incidence of gonocyte proliferation at E15.5. To test whether delayed entry into mitotic arrest is caused by dysregulation of the G1-S phase checkpoint, we examined pRB1 phosphorylation (inactivation) in gonocytes of a teratoma-resistant strain, FVB/NJ (FVB), and 2 teratoma-susceptible strains, the 129-Chr19 MOLF/Ei chromosome substitution strain (M19) and the 129/SvImJ (129) inbred strain. M19 mice, in which both copies of chromosome 19 are derived from the MOLF/Ei inbred strain, have a high risk of developing teratomas (80% of males affected). 43 In contrast, 129 inbred mice have a low risk of developing teratomas (8% of males affected). 11 Using these 3 strains, gonocyte abnormalities associated with increasing teratoma risk can be identified. 44 Furthermore, because most M19 and 129 germ cells develop normally, the developmental characteristics of teratoma-susceptible gonocytes that do not transform into EC cells can also be studied. 11, 43, 44 To identify phospho-pRB1-positive gonocytes, we immunostained embryonic testes from FVB, 129, and M19 embryos harboring a germ cell-specific GFP transgene (Oct4::GFP) 21, 53 ( Fig. 1A and B; Fig. S1 ). At E13.5, the percentage of phosphopRB1-positive gonocytes was similar in the testes of all strains. At E14.5, the percentage of phospho-pRB1-positive gonocytes decreased in all strains compared to E13.5, but the incidence of phospho-pRB1 staining was significantly higher in teratomasusceptible testes (8% positive in FVB versus 24-29% positive in 129 and M19). Interestingly, less than 1% of FVB and 129 gonocytes remained phospho-pRB1-positive at E15.5. In contrast, 14% of E15.5 M19 gonocytes remained phospho-pRB1-positive. Together, these results demonstrate that activation of G1-S phase checkpoint is delayed in a sub-population of teratoma-susceptible gonocytes during the mitotic:meiotic switch and that tumor incidence increases with the occurrence of phospho-pRB1-positive germ cells at E15.5.
Previous studies have revealed that aberrant expression of Ccnd1 in teratoma-susceptible gonocytes initiates at E13.5, becomes restricted to a continually smaller sub-population of germ cells through E15.5, and is ultimately expressed only in the few cells predisposed to transformation into EC cells. 44 Based on these observations and the role of Ccnd1 in promoting cell cycle progression, we hypothesized that aberrant Ccnd1 expression may contribute to the delayed mitotic arrest of teratoma-susceptible gonocytes during the mitotic:meiotic switch. To determine whether gonocytes aberrantly expressing Ccnd1 are the same sub-population of cells delaying entry into G0 arrest, we coimmunolabeled Oct4::GFP transgenic E15.5 M19 testes for CCND1 and the proliferation marker KI67, which distinguishes cells in any stage of the active cell cycle from those arrested in G0. Importantly, all KI67-positive gonocytes were also positive for CCND1 (Fig. 1C , noted with white arrowheads), directly linking aberrant CCND1 expression in gonocytes to delayed G0 arrest. However, several CCND1-positive gonocytes were KI67-negative (Fig. 1C, noted with yellow arrowheads) . Thus, expression of negative regulators of the G1-S phase transition appears to be sufficient to induce G0 arrest in some gonocytes even in the presence of aberrant CCND1 expression.
Cyclin D1 is the only D-type cyclin misexpressed in teratoma-susceptible gonocytes during the mitotic:meiotic switch Next, we measured cyclin D2 (Ccnd2) and D3 (Ccnd3) expression in FVB, 129, and M19 germ cells isolated by fluorescenceactivated cell sorting (FACS) with the Oct4::GFP transgene ( Fig. 2A and B) to test whether cyclin D1 is the only D-type cyclin aberrantly expressed in teratoma-susceptible gonocytes. Previous studies have established that embryonic male germ cells predominantly express Ccnd3 prior to and after mitotic arrest, with expression decreasing from E13.5 to E15.5. 40, 46 In the same studies, Ccnd2 transcript and protein levels were found to be low and unchanged in E13.5 to E15.5 gonocytes. 40, 46 Similar to these reports, we found that expression of Ccnd3 in gonocytes of all strains decreased from E13.5 to 15.5 and that Ccnd2 expression levels were unchanged during this Figure 1 . The G1-S phase transition is perturbed in teratoma-susceptible gonocytes. Dysregulation of the G1-S phase checkpoint in gonocytes increased with teratoma risk. (A) Oct4::GFP transgenic FVB (teratoma-resistant), 129 (low teratoma risk), and M19 (high teratoma risk) embryonic testes were sectioned and immunostained for phospho-pRB1 (E13.5, E14.5, E15.5). GFP-positive germ cells, positive and negative for phospho-pRB1, were counted. Data are plotted as the percentage of germ cells positive for phospho-pRB1 § SEM (n D 7-11). z, P < 0.001; #, P < 0.0001. (B) Confocal microscopy images of E15.5 testes immunostained for phospho-pRB1. At E15.5, FVB germ cells are phospho-pRB1-negative, but some M19 germ cells remain phospho-pRB1-positive. Small groups of phospho-pRB1-positive germ cells are noted (arrowheads). Scale bar: 50 mm. (C) Confocal microscopy images of an E15.5 M19 testis sectioned and immunostained for CCND1 and the proliferative marker KI67. All KI67-positive gonocytes were also positive for CCND1; small groups are noted (white arrowheads). However, several CCND1-positive gonocytes were KI67-negative; small groups are noted (yellow arrowheads). Scale bar: 50 mm.
time period ( Fig. 2A and B) . Importantly, no significant differences in Ccnd2 or Ccnd3 expression were observed between teratoma-susceptible and resistant gonocytes. Thus, Ccnd1 is the only D-type cyclin misexpressed in teratoma-susceptible gonocytes during the mitotic:meiotic switch.
In addition, we measured gonocyte expression of the E-type cyclins Ccne1 and Ccne2. Similar to previous reports, 40 we found that gonocyte expression of Ccne1 and Ccne2 decreased from E13.5 to 15.5 in all strains ( Fig. 2C and D) . At each time point, expression of Ccne1 was statistically similar between gonocytes of all strains (Fig. 2C ). In contrast, gonocyte expression of Ccne2 was significantly higher in M19 testes compared to FVB testes at E13.5 and remained elevated, but not significantly, in M19 through E14.5 ( Fig. 2D) . By E15.5, Ccne2 expression in M19 gonocytes decreased to levels observed in FVB gonocytes. Curiously, gonocyte expression of Ccne2 in low teratoma risk 129 testes was not significantly different from FVB at any time points assayed (Fig. 2D) . Thus, retention of Ccne2 expression may contribute to delayed entry of M19 gonocytes into G0 arrest at the beginning of the mitotic:meiotic switch. However, because Ccne2 expression was similar between all strains at E15.5, the critical time point at which EC cells first appear, it is uncertain whether misexpression of Ccne2 at E14.5 contributes to teratoma initiation in M19 mice. Together, the results of our D-and E-type cyclin expression analyses suggest that cyclin D1 is the key G1-S cyclin contributing to the gonocyte proliferation defect that precedes teratoma initiation.
Ccnd1 deficiency reduces teratoma incidence
Cyclin D1 is a well-known oncogene and its overexpression has been previously shown to disrupt the G1-S checkpoint, promote aberrant proliferation, and contribute to tumor initiation in several tissues. 42 Therefore, we next wanted to test whether Ccnd1 deficiency suppresses teratoma susceptibility. However, because of the inherently low teratoma incidence in 129 males, large numbers of mice would need to be screened to test whether Ccnd1 deficiency reduces susceptibility. To enable a more statistically powerful test, the Ccnd1 tm1Wbg knockout allele (referred to as Ccnd1 KO ) 54 was bred onto the M19 background. Because the M19 strain has a teratoma incidence of~80%, tests for reduced incidence are relatively easy in a modest number of mice. 43, 45 Previous studies in teratoma-resistant C57BL/6J mice demonstrated that Ccnd1 deficient mice are smaller and often die after 4 weeks of age, but those that reach sexual maturation are fertile. 54 Thus, Ccnd1 is dispensable for male germ cell specification and maturation. Importantly, a similar phenotypes was observed in M19 mice homozygous for the Ccnd1 knockout allele (Ccnd1 KO/KO ). Ccnd1 was not required for spermatogenesis to occur. Histologically, Ccnd1 deficient testes appeared normal with spermatozoa present in the seminiferous tubules of males that reached sexual maturity (Fig. S2A) .
To verify that the spermatogonial stem cell population was appropriately established in Ccnd1 deficient males, we analyzed the testes of post-natal day 8 (P8), M19-Ccnd1 KO/KO and control mice transgenic for Oct4::GFP, which is expressed in the male germ cell lineage through post-natal stages. 53 Both Hematoxylin and Eosin staining and analysis of GFP expression patterns in P8 testis sections verified that spermatogonial stem cells had migrated to the basement membrane of the seminiferous tubule in Ccnd1 deficient mice (Fig. S3A & B) . Furthermore, several GFP-positive spermatogonia had begun to express c-KIT, a marker of differentiated spermatogonia, 55 indicating that the first wave of spermatogenesis had initiated in M19-Ccnd1 (Fig. S3B) . 56 Together, our analysis of post-natal and adult testes show that Ccnd1 is not required for the development of the male germ cell lineage in teratoma-susceptible mice.
Intercrosses between M19 mice heterozygous for the Ccnd1 deletion (Ccnd1 KO/C ) generated experimental mice heterozygous (Ccnd1 KO/C ) or homozygous for the Ccnd1 deletion and control wild-type littermates (Ccnd1 C/C ) for surveys of tumor incidence.
M19-Ccnd1
C/C male offspring derived from the M19-Ccnd1 KO/ C intercross had a teratoma incidence of 79% (37 of 47 with a tumor), which is consistent with previously published data for M19. 43 Importantly, of the 34 M19-Ccnd1 KO/KO mice examined, only 10 (29%) had a teratoma, which represented a 63% reduction in teratoma incidence compared to wild-type controls (P<5E-4, Table 1 ). Histopathology verified that the few tumors that formed in M19-Ccnd1 KO/KO mice were teratomas (Fig. S2B) . Interestingly, tumor surveys revealed that only 72 of 110 (65%) M19-Ccnd1 KO/C males had a teratoma. Although the 18% reduction in teratoma incidence in M19-Ccnd1 KO/C compared to wild-type M19 controls was not significant with the samples sizes analyzed (PD0.098, Table 1 ), it suggests that Ccnd1 has a gene dosage effect on teratoma susceptibility. Based on the results of our tumor survey, we conclude that Ccnd1 expression significantly contributes to teratoma incidence.
Ccnd1 is not a 129 susceptibility gene
In segregating crosses between 129/Sv and other strains, only 1 affected male was found among more than 11,000 progeny tested, which is consistent with 129-specific genetic variants in as many as 8 susceptibility genes being necessary for teratoma formation. 11, 57 Because Ccnd1 deficiency reduced but did not block tumorigenesis, we hypothesized that Ccnd1 is not one of these susceptibility genes. In fact, analysis of single nucleotide polymorphisms (SNPs) at the Ccnd1 locus in 129S1/SvImJ and several other teratoma-resistant inbred strains of mice failed to identify potential coding or regulatory SNP variants specific to 129 (Table S1 ). Furthermore, 129 and FVB, the teratoma-resistant strain in which Ccnd1 is not expressed in gonocytes, 44 had the same variant for each SNP tested. Thus, although Ccnd1 misexpression significantly contributes to teratoma incidence, it appears to not be a 129-derived teratoma susceptibility gene. Instead, other genetic variants in the 129 genome must influence teratoma incidence, in part, by inducing Ccnd1 expression in gonocytes.
Ccnd1 deficiency does not inhibit Sertoli or Leydig cell specification
Somatic cell regulation of the testis microenvironment is critical to male germ cell development and, therefore, has the potential to influence tumorigenesis. To determine whether Ccnd1 deficiency altered somatic cell lineage development through the mitotic:meiotic switch, we measured expression of markers specific to pre-Sertoli cells (Sox9, Dhh) and developing Leydig cells (Cyp11a1) in FACS-enriched, Oct4::GFP-negative somatic cells from E14.5 and E15.5, M19-Ccnd1 C/C and M19-Ccnd1 KO/KO testes. Importantly, Ccnd1 deficiency did not affect expression of the Sertoli or Leydig cell markers at either time point (Fig. 3) . Together with our data showing that spermatogonial stem cells specify and have the capacity to differentiate into c-KIT-positive spermatogonia during the first wave of meiosis after birth and that adult sperm production occurs in Ccnd1 knockout adult males (Fig. S2A and S3) , these results suggest that Ccnd1 deficiency does not adversely affect the specification of these 2 critical somatic cell lineages. Thus, the mechanisms by which Ccnd1 deficiency reduces teratoma incidence are most likely germ cell autonomous.
Ccnd1 deficiency suppresses the aberrant proliferation of teratoma-susceptible gonocytes
Because of the close association between CCND1 misexpression in gonocytes and their delayed entry into G0 arrest (Fig. 1C) , we hypothesized that Ccnd1 deficiency reduced teratoma incidence in M19 mice by suppressing aberrant germ cell proliferation. To test this hypothesis, we first employed the Oct4::GFP transgene to investigate the influence of Ccnd1 deficiency on total germ cell number in M19 testes from E13.5 to E15.5 (Fig. 4) . Aberrant expression of Ccnd1 does not initiate until E13.5. 44 Thus, it was not surprising to discover that Ccnd1 deficiency did not alter total germ cell number up to E13.5. Additionally, at E14.5 and E15.5, total germ cell number was unaffected by Ccnd1. Together with our findings that spermatogonial stem cell specification and spermatogenesis occur in the absence of Ccnd1 in teratoma susceptible neonates and adults, respectively ( Fig. S2A and S3 ), these results demonstrate that Ccnd1 is dispensable for male germ cell specification and maturation. Thus, the mechanisms by which Ccnd1 deficiency reduced teratoma susceptibility appear to be specific to the process of tumor initiation.
Next, we immunostained Oct4::GFP transgenic M19-Ccnd1
and M19-Ccnd1 KO/KO embryonic testes for phospho-pRB1 to test whether Ccnd1 deficiency activated the G1-S phase checkpoint in teratoma-susceptible gonocytes (Fig. 5A and B, Fig. S4 ). At E13.5, the percentage of phospho-pRB1-positive gonocytes was similar in both Ccnd1-deficient and wild-type M19 testes (58% positive). However, at E14.5, the incidence of phospho-pRB1-positive gonocytes was significantly reduced in Ccnd1-deficient testes (22% positive in M19-Ccnd1 KO/KO vs. 40% positive in M19-Ccnd1
C/C
). A significant difference in phospho-pRB1 staining was also observed at E15.5, at which time only 2% of M19-Ccnd1 KO/KO gonocytes remained phospho-pRB1-positive compared to 14% of M19-Ccnd1 C/C gonocytes. We also immunolabelled Oct4::GFP transgenic, M19-Ccnd1 C/C and M19-Ccnd1 KO/KO embryonic testes for KI67 to test whether Ccnd1 deficiency induced gonocyte entry into G0 arrest after E13.5 ( Fig. 5C and D; Fig. S5 ). We previously reported that 80-90% of E13.5 gonocytes in teratoma-resistant and susceptible testes were KI67-positive. 44 It was not until ) at E13.5. However, at E14.5 and continuing through E15.5, Ccnd1 deficiency significantly reduced the percentage of M19 gonocytes positive for KI67 so that by E15.5 only 3% of M19-Ccnd1 KO/KO gonocytes remained KI67-positive compared to 18% of M19-Ccnd1
Collectively, these results demonstrate that aberrant Ccnd1 expression is critical for delaying G0 arrest in gonocytes after E13.5 and inducing the aberrant proliferation phenotype associated with teratoma initiation in mice.
Ccnd1 deficiency suppresses retention of pluripotency by teratoma-susceptible gonocyte
In addition to delaying entry into G0 arrest, teratoma-susceptible gonocytes retain pluripotent capacity during the mitotic:meiotic switch, which appears to be necessary for transformation into pluripotent EC cells starting at E15.5. 44 Curiously, reprogramming of pluripotency and differentiation of several stem cells, including germ cells, embryonic stem (ES) cells, and EC cells, occurs during G0 arrest. [37] [38] [39] [58] [59] [60] Therefore, aberrant cyclin D1 expression in gonocytes during the mitotic:meiotic switch and the resulting delay in G0 arrest may cause those same cells to remain pluripotent. To test whether Ccnd1 misexpression promotes gonocyte pluripotency, we immunostained Oct4::GFP transgenic M19-Ccnd1 C/C and M19-Ccnd1 KO/KO testes for NANOG ( Fig. 6; Fig. S6 ). We previously showed that 90% of E13.5 gonocytes in teratoma-resistant and susceptible testes were NANOG-positive. 44 It was not until after E14.5 that retention of NANOG expression was observed in tumor-susceptible gonocytes. At E13.5, the percentage of M19 gonocytes positive for NANOG was not affected by Ccnd1 deficiency (84% positive in M19-Ccnd1 KO/KO and 85% positive in M19-Ccnd1 C/C ). However, at E14.5, the incidence of NANOG-positive gonocytes significantly decreased in Ccnd1-deficient testes compared to wildtype controls (40% positive in M19-Ccnd1 KO/KO and 62% positive in M19-Ccnd1 C/C ). A significant difference in NANOG staining was also observed at E15.5, at which time only 7% of M19-Ccnd1 KO/KO gonocytes remained NANOG-positive compared to 23% of M19-Ccnd1 C/C gonocytes. Interestingly, in Ccnd1 deficient mice, the reduction in the percentage of NANOG-positive germ cells (Fig. 6A) closely mirrored the decrease in the percentage of KI67-positive germ cells (Fig. 5C ). Together with previous evidence that rapid transition from G1 into S phase promotes pluripotency, [61] [62] [63] these data suggest that Ccnd1 deficiency suppresses the pluripotency defect in teratoma-susceptible germ cells as a direct consequence of its effect on proliferation.
Discussion
For several decades, it has been hypothesized that testicular teratomas arise in 129 inbred mice from gonocytes that remain mitotically active and pluripotent following the mitotic:meiotic switch. 3, 11, 19, 25 However, despite considerable effort, the 129-specific genetic variants and transcriptional networks required for teratoma initiation in mice remained undefined. We previously reported that 129 and M19 teratoma-susceptible gonocytes aberrantly express Ccnd1 during the mitotic:meiotic switch. 44 Given its known role as positive regulator of G1-S cell cycle progression and as an oncogene when aberrantly expressed in a variety of tissues, we hypothesized that misexpression of Ccnd1 in gonocytes during the mitotic:meiotic switch disrupts the balance of positive to negative regulators of the cell cycle, delays entry into mitotic arrest, and facilitates germ cell transformation into pluripotent EC cells. In the present study we demonstrate that Ccnd1 is an important driver of both the gonocyte proliferation and pluripotency defects that precede tumor initiation in 129 inbred mice. Importantly, Ccnd1 expression was dispensable for somatic cell specification and male germ cell development and maturation, suggesting that the mechanisms by which Ccnd1 deficiency reduced teratoma incidence were germ cell autonomous and specific to tumorigenesis. However, a more in-depth analysis of Ccnd1 deficient testes will be necessary to rule out potential subtle changes in somatic and germ cell development and differentiation.
Gonocyte entry into G1/G0 mitotic arrest during the mitotic: meiotic switch is dependent on coordinated alterations in the expression of positive and negative regulators of the G1-S phase transition. 40 During embryogenesis, D-type cyclin expression is primarily restricted to CCND3 in male germ cells. 40, 46 Curiously, even though its expression decreases during the mitotic: meiotic switch, CCND3 protein persisted in FVB gonocytes through at least E17.5, a time point at which these cells are quiescent. Thus, expression of negative regulators of the G1-S transition must be sufficient to counteract residual D-type cyclin expression to induce G1/S mitotic arrest. 46 A sufficient increase in the ratio of positive to negative regulators of G1-S cell cycle progression during the mitotic:meiotic switch might tip the balance toward proliferation rather than G1/G0 arrest. We had previously demonstrated that Ccnd1 expression levels are significantly higher in teratoma-susceptible gonocytes. 44 Here, our expression analyses of Ccnd2 and Ccnd3, and the E-type cyclins, Ccne1 and Ccne2, revealed that Ccnd1 is the only G1-S phase cyclin upregulated in teratoma-susceptible gonocytes at 
the only other significant change in G1-S phase cyclin expression observed. Thus, cyclin D1 appears to be the G1-S phase cyclin delaying G1/G0 arrest of teratoma-susceptible gonocytes. Supporting this conclusion, our phospho-pRB1 and KI67 immunostaining of teratoma-susceptible gonocyte showed that Ccnd1 deficiency induced G1/G0 mitotic arrest in a more developmental stage-appropriate manner.
Interestingly, co-staining experiments with KI67 revealed that some CCND1-positive M19 gonocytes are in G1/G0 mitotic arrest. These results are in agreement with our phospho-pRB1 staining results and our previous KI67 and CCND1 single staining experiments, 44 which together revealed that there are more M19 CCND1-positive gonocytes at E14.5 and E15.5 (60% and 50% CCND1-postive) than gonocytes in the active cell cycle (46% and 25% KI67-positive; 29% and 14% phosphor-Rb1-positive). Thus, some germ cells overcome the pro-proliferative effects of Ccnd1 misexpression. The ability of teratoma-susceptible gonocytes to become quiescent in the face of aberrant Ccnd1 expression may be dependent on the ratio of Ccnd1 expression to the expression of negative regulators of the G1-S transition. Western et al. 64 previously demonstrated that, even in 129 inbred mice, gonocytes are induced to express negative regulators of the G1-S transition (e.g., p27
Kip1
, p15
INK4B , and p16 INK4A ) during the mitotic:meiotic switch. However, a recent microarray study revealed that the expression of one cyclin D-CDK4/6 inhibitor p15 INK4B is 5-fold lower in 129 gonocytes compared to teratoma-resistant C57BL/6J gonocytes at E14.5. Therefore, the relative abundance of Ccnd1 and p15 INK4B expression might determine whether a teratoma-susceptible germ cell becomes mitotically quiescent or remains proliferative.
The teratoma-forming capacity of EC cells is dependent upon their pluripotent capacity. 65 Thus, retention of both proliferation and pluripotency appear to be necessary for gonocyte transformation into EC cells. Whether mitotic arrest and downregulation of pluripotency in gonocytes are linked or independently regulated is not well understood. Miles et al. 35 previously demonstrated that Activin signaling from somatic cells and autocrine NODAL signaling induces gonocytes to enter into mitotic arrest and transiently maintain pluripotency, respectively. Separate studies showed that subsequent loss of NODAL expression by gonocytes facilitates suppression of pluripotency. 66 Thus, aspects of gonocyte G1/G0 arrest and suppression of pluripotency are independently regulated. However, our discoveries that Ccnd1 deficiency suppressed teratoma-susceptible gonocyte pluripotency (NANOG expression) during the mitotic:meiotic switch and that this decrease was reflected by a similar reduction in KI67-positive cells suggest that retention of pluripotency is, at least in part, dependent on the misexpression of genes that promote G1-S cell cycle progression and proliferation. Importantly, a link between the regulation of the cell cycle and pluripotency is well established. In both ES and EC cells, rapid transition through G1 into S phase facilitates the maintenance of pluripotency.
58,60 A short G1 and long S phase promotes the euchromatic state of chromatin and suppresses differentiation, which preferentially occurs during the G1 phase in pluripotent cells. [61] [62] [63] Based on our tumor surveys of Ccnd1 knockout mice, it is evident that Ccnd1 misexpression promotes but is not necessary for testicular teratocarcinogenesis. Furthermore, although Ccnd1 deficiency suppressed the incidence of aberrant gonocyte proliferation and retention of pluripotency during the mitotic: meiotic switch, some gonocytes remained proliferative and pluripotent at E15.5. These results imply that Ccnd1 is not one of the 129-derived susceptibility genes necessary for teratoma formation. Rather, Ccnd1 is likely to be one of several downstream targets of 129 susceptibility genes that disrupt G1/G0 mitotic arrest. In agreement with these conclusions, our analysis of SNP variants at the Ccnd1 locus failed to identify SNP variants that may directly dysregulate Ccnd1 expression in 129 gonocytes. As previously mentioned, microarray expression analysis of 129 and C57BL/6J E14.5 gonocytes found that at least one negative regulator of the G1-S transition, p15 INK4B , is expressed at higher levels in C57BL/6J gonocytes compared to 129 germ cells. Thus, the cumulative influences of these downstream mediators on mitotic arrest likely determine overall teratoma incidence, but are not individually required for tumorigenesis to occur. What induces this pro-proliferative transcriptional program in 129 gonocytes is not known.
The concurrent timing of Ccnd1 misexpression, the mitotic: meiotic switch, and sex specification may provide clues to the underlying cause of dysregulation at the mitotic:meiotic switch in 129 mice. We previously showed that oogonia in both teratoma-resistant and susceptible mouse strains transiently express Ccnd1 from E12.5 to E15.5, just prior to initiating meiosis. 44 Thus, Ccnd1 misexpression in teratoma-susceptible gonocytes occurs at the same developmental time points that Ccnd1 is normally expressed in pre-meiotic oogonia. These observations suggest that a signal normally restricted to the developing ovary is aberrantly active in the teratoma-susceptible testis. Alternatively, a signal normally active in the testis may be absent in both the ovary and teratoma-susceptible testis. Additional studies are needed to determine the pro-proliferative signal inducing Ccnd1.
Our discovery that Ccnd1 misexpression in mouse gonocytes contributes to a mitotic:meiotic switch defect that leads to tumorigenesis is likely to inform future studies into human TGCT initiation and new treatment paradigms. Recent gene expression studies of human TGCT stem cells suggest that dysregulation of the mitotic:meiotic switch drives tumor initiation. 67, 68 Furthermore, CCND1 expression has been shown to predominantly localize to the EC cell compartment of human TGCTs, where it appears to be an important mediator of EC cell proliferation, survival, and resistance to cisplatin. 69, 70 Thus, small molecule inhibition of cyclin D associated kinase activity, 71 alone or in combination with cisplatin, may be an important alternative treatment strategy for some TGCTs.
Materials and methods
Mice
129S1/SvImJ (129, JR#002448) and FVB/NJ (FVB, JR#001800) mice were obtained from the Jackson Laboratory (Bar Harbor ME). 129S1/SvImJ mice homosomic for the Chr19 MOLF/Ei chromosome substitution (M19) were obtained from our research colony. 43 
FVB.129S2(B6)-Ccnd1
tm1Wbg /J (FVB-Ccnd1 KO , JR#002935) mice were obtained from the Jackson Laboratory (Bar Harbor ME). The Ccnd1 KO allele was then backcrossed onto the 129 inbred background for at least 10 generations to establish a congenic strain, and then transferred with crosses to the M19 background. The Ccnd1 KO allele was PCR genotyped as previously described. 54 The germ cell-specific Oct4DPE:GFP (Oct4::GFP) transgene 21, 53 was previously backcrossed onto the 129, FVB, and M19 backgrounds to establish congenic lines. 45 All protocols were approved by the BCM Institutional Animal Care and Use Committee.
Tumor surveys
Crosses between M19 mice heterozygous for Ccnd1 KO were used to produce wild-type (M19-Ccnd1
KO/C ) and homozygous knockout (M19-Ccnd1 KO/KO ) male offspring to survey for teratomas. Males, 4-8 weeks of age, were necropsied prior to genotyping and testes were visually and histologically examined for tumors, which are readily detected at this age. 43, 72 Fisher's Exact Tests were used to assess statistical differences between the number of teratoma-affected M19 wild-type (M19-Ccnd1 
Histology
Tissues were fixed in 10% buffered formalin, embedded in paraffin, sectioned (6 mm), and stained with hematoxylin and eosin. Bright field images were taken with the Zeiss Axioplan2 microscope.
SNP analysis
The Mouse Genome Informatics (http://www.informatics.jax. org/) Strain, SNP and Polymorphism analysis tool was used to search for strain-specific genetic variants in the Ccnd1 locus. 129S1/SvImJ was used as the reference strain and compared to selected testicular teratoma-resistant inbred strains C57BL/6J, FVB/NJ, A/J, C3H/HeJ, BALB/cJ, and DBA/2J. A SNP query was performed to identify SNPs within 10 kb of Ccnd1 and different between the reference 129 strain and the selected teratoma-resistant strains. SNPs in functional classes codingnonsynonymous, intron, locus-region, mRNA-UTR, splice-site, and noncoding-transcript polymorphisms were identified. SNPs resulting in synonymous amino acid changes were excluded.
Timed-matings and gonad dissections
For immunofluorescence and fluorescence-activated cell sorting (FACS), wild-type females were bred to males homozygous for the Oct4::GFP transgene to produce FVB, 129 or M19 transgenic embryos heterozygous for Oct4::GFP. Crosses between M19-Ccnd1 KO/C females and M19-Ccnd1 KO/C males homozygous for Oct4::GFP were used to produce M19-Ccnd1
KO/C and M19-Ccnd1 KO/KO embryos and post-natal day 8 (P8) mice heterozygous for Oct4::GFP. Embryonic day 0.5 (E0.5) was assumed to be noon of the day the vaginal plug was observed. Pregnant females were euthanized by carbon dioxide followed by cervical dislocation and gonads were removed from embryos in ice-cold 1xPBS. Embryos older than E14.5 were decapitated prior to dissection. P8 mice were anesthetized and euthanized by decapitation and gonads were removed from mice in ice-cold 1xPBS. Gonad morphology identified the sex of E13.5 to E15.5 embryos and P8 mice. Tissues were collected for PCR genotyping for the Ccnd1 knockout allele as previously described. 44, 54 Fluorescence-activated cell sorting (FACS) FACS with the Oct4::GFP transgene has been previously described. 45, 73 Briefly, gonads were digested in 0.25% trypsin (Life Technologies, Grand Island, NY) for 15 min. at 37 C. Tissues were triturated into single-cell suspensions and filtered through a 35 mm nylon mesh cell strainer (Falcon Corning, Tewksbury MA). The mesh was washed with 2% BSA in 1xPBS to inactivate the trypsin, and the cells were kept on ice until FACS with the BD Biosciences FACSAria system. The Oct4:: GFP transgene was used to sort GFP-positive germ cells from GFP-negative somatic cells from both gonads of a single embryo, which yielded similar numbers and purity as previously described. 45, 73 Quantitative real-time PCR expression analysis Germ cell RNA was prepared using the RNeasy Micro Kit (Qiagen, Valencia CA). RNA was reverse transcribed with the SuperScript First-Strand Synthesis System (Life Technologies). Quantitative real-time PCR (qPCR) was performed with the StepOnePlus real-time PCR system (Life Technologies) and the FastStart Universal SYBR Green Master (ROX) (Roche Diagnostics, Indianapolis IN) using manufacturer recommended protocols. Expression was normalized to the ubiquitously expressed housekeeping gene Rpl7 as previously described. 45, 74 One-way ANOVA with the Bonferroni post-test for pair-wise comparisons were used to detect significant differences in expression between gonocytes from FVB (control) and 129 and M19 testes. Unpaired t-tests were used to detect significant differences in expression between somatic cells from M19-Ccnd1 C/C and M19-Ccnd1 KO/KO testes. Primer sequences are available upon request.
Immunohistochemistry
Gonads were removed from E13.5 to E15.5 embryos and P8 mice and processed for sectioning and immunofluorescence as previously described. 45 Sections were incubated with a 1:300 dilution of rabbit polyclonal anti-phospho-pRB1 (#9308, Cell Signaling, Danvers MA), 1:100 dilution of rabbit monoclonal anti-CCND1 (ab16663, Abcam, Cambridge MA), 1:500 dilution of rabbit polyclonal anti-KI67 (ab15580, Abcam, Cambridge MA), 1:100 dilution of rabbit polyclonal anti-NANOG (IHC-00205, Bethyl Laboratories, Montgomery TX), or 1:40 dilution of goat polyclonal anti-c-KIT (AF1356, R&D Systems, Minneapolis MN) antibody overnight at 4 C. For some experiments involving CCND1 immunostaining, sections were co-incubated with a 1:100 dilution of rat monoclonal anti-KI67 (5698, eBioscience, San Diego CA) antibody. For secondary detection by confocal microscopy, sections were incubated with a 1:500 dilution of goat anti-rabbit AlexaFluor 555 (A-21428, Life Technologies) antibody, 1:500 dilution of donkey anti-goat AlexaFluor 555 (ab150130, Abcam), or 1:500 dilutions of goat anti-rat AlexaFluor 647 (A-21247, Life Technologies) and goat anti-rabbit AlexaFluor 555 (A-21428, Life Technologies) in blocking solution for 2 hrs at room temperature. For secondary detection by fluorescence microscopy, sections were incubated with a 1:500 dilution of goat anti-rabbit AlexaFluor 594 (A-27016, Life Technologies) antibody in blocking solution for 2 hrs at room temperature. Nuclei were counter-stained with DAPI. Confocal images of sections were taken with a Nikon A1-Rs inverted Laser Scanning Microscope. Fluorescence microscopy images of tissue sections were collected with the Zeiss Axioplan2 microscope.
Cell counts
Oct4::GFP-positive germ cells positive or negative for phospohpRB1, KI67, or NANOG immunostaining were counted as previously described. 45 One-way ANOVA with the Bonferroni post-test for pair-wise comparisons was used to test for significant differences in the percentage phosphor-pRB1-positive germ cells between FVB (control) and 129 and M19 testes. Unpaired t-tests were used to detect significant differences in the number of Oct4::GFP-positive germ cells or the percentage of phospho-pRB1, KI67, and NANOG-positive germ cells between M19-Ccnd1 C/C and M19-Ccnd1 KO/KO testes.
